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(57) ABSTRACT

Low frequency alarm tones emitted by life safety devices are
more like to notify sleeping children and the elderly. Dis-
closed herein is a life safety device equipped with a novel,
compact, quarter-wave, folded resonant cavity which signifi-
cantly increases the low frequency (400-700 Hz square wave)
acoustic efficiency of an audio output transducer when the
folded resonant cavity is acoustically coupled to the trans-
ducer forming an audio output apparatus. The folded resonant
cavity is comprised of undulating, annular, acoustic passages
to significantly reduce the length of the resonant cavity,
thereby permitting the audio output apparatus to fit within the
housing of conventional size life safety devices such as, but
not limited to, residential and commercial smoke alarms and
carbon monoxide alarms. Battery powered embodiments of
the audio output apparatus comprising a folded resonant cav-
ity passed audibility tests for low frequency alarm tones in
smoke alarms specified by UL217.

22 Claims, 6 Drawing Sheets
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1
LIFE SAFETY DEVICE WITH FOLDED
RESONANT CAVITY FOR LOW FREQUENCY
ALARM TONES

CROSS REFERENCES TO RELATED PATENT
APPLICATIONS

This application claims the benefit of provisional applica-
tion No. 61/669,695 filed Jul. 10, 2012 and provisional appli-
cation No. 61/732,913 filed Dec. 3, 2012, both of which are
hereby incorporated by reference herein in their entireties.

FIELD OF INVENTION

This invention relates to life safety devices that emit low
frequency alarm tones on the order, but not limited to, 520 Hz
fundamental frequency when a sensor in the device senses an
environmental condition such as but limited to smoke, fire,
natural gas, propane, carbon monoxide, motion, intrusion,
glass breakage, vibration, moisture, etc. A compact, folded
resonant acoustic cavity is used so that the geometry of an
audio output apparatus can fit within conventional size hous-
ing for the life safety device and so that the power is small to
drive the audio output transducer acoustically coupled to the
resonant cavity comprising the audio output apparatus.

BACKGROUND OF THE INVENTION

Research has shown that compared to high frequency
alarm tones (on the order of 3 kHz), low frequency alarm
tones onthe order of'a 520 Hz, fundamental frequency, square
wave can be more effective in awakening children from sleep
and can be better heard by people with high frequency hearing
deficit which often accompanies advanced age or those
exposed to loud sounds for extended periods of time. One of
the problems in utilizing a such a low frequency (pitch) alarm
tone is that it takes more electrical driving power for an audio
output transducer to emit a low frequency alarm tone (for
example ~520 Hz) than to emit a higher frequency alarm tone
(for example 3 kHz) at comparable sound pressure levels
interpreted as loudness by humans. This problem is com-
pounded when a low frequency alarm tone is desired to be
used in a life safety device such as a conventional environ-
mental condition detector such as a smoke detector or carbon
monoxide detector or a combination smoke and carbon mon-
oxide detector, as non-limiting examples, since such detector
unit components including the sound producing elements are
typically contained within a housing a few inches tall (~2-3
inches thick in outside dimension) and approximately threeto
six inches in diameter or approximately square planform. Due
to these geometric constraints (largely for a non-intrusive
décor and aesthetics), it is difficult to use a normal, quarter
wave, resonant cavity comprising a tube with one open end
and one closed end (Helmholtz resonant cavity or resonator).
Based on the theory of acoustics, the length of such a reso-
nating cavity (resonator) should be on the order of one quarter
of'a wavelength of the fundamental frequency to obtain reso-
nance which reinforces (amplifies) the sound output of an
audio output transducer (for example a speaker or piezoelec-
tric transducer) acoustically coupled to a resonant cavity. For
example, for a fundamental frequency of 520 Hz, a quarter-
wave, closed end, resonant cavity with an open opposite end
would theoretically need to be approximately 6.5 inches long
for air at standard sea level conditions where the speed of
sound is approximately 1120 ft/sec. Practically however,
allowing for end effects of the open end of the cavity, the
length of such a quarter-wave, resonant cavity is on the order
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of 5 inches, still about twice the dimension of the thickness of
the housing of a conventional environmental condition detec-
tor. Further, in order to get the requisite sound pressure level
with conventional battery power used in environmental con-
dition detectors (single 9V alkaline battery or 2-4 AA alkaline
batteries for example), the audio output transducer needs to
be on the order of at least 1.75 inches in diameter in one
embodiment of the invention. Given this diameter along with
a length on the order of 5 inches from the example above, it is
easily determined that this size resonant cavity would occupy
so much volume inside the housing of a life safety device
configured as a conventional environmental condition detec-
tor that it would likely cause major issues with the omni-
directional inlet airflow qualities required in smoke and car-
bon monoxide detectors for maximum sensitivity and/or also
result in much larger housing dimensions than are conven-
tional for such life safety devices. Therefore, while a resonant
cavity is a very useful element to amplify the sound pressure
output of an audio output transducer coupled to the resonant
cavity forming an audio output apparatus, it is clear that a
conventional, non-folded, quarter wave, resonant cavity is not
as geometrically suitable for conventionally shaped and sized
environmental condition detectors as a more compact quarter
wave, resonant cavity would be for this application. It is noted
that the current trend, in particular for smoke detectors and
carbon monoxide detectors designs, is to have a smaller over-
all spatial profile to be less intrusive into the décor of resi-
dences and commercial installations.

SUMMARY OF THE INVENTION

In order to efficiently emit a low frequency, audible alarm
tone when a potentially hazardous environmental condition is
sensed, an audio output apparatus comprises an audio output
transducer acoustically coupled to a folded resonant cavity in
a compact geometry to fit within the housing of a life safety
device. The folded resonant cavity comprises acoustic pas-
sages or paths such that sound waves generated by the audio
output transducer traverse the acoustic paths and establish
standing acoustic waves at the fundamental frequency (or
integer multiple thereof) of the resonant cavity thereby reduc-
ing the acoustic impedance experienced by the audio output
transducer. The reduction in acoustic impedance permits the
audio output transducer to function in an optimally acoustic
efficient manner in converting electrical power into acoustic
power. A properly designed, quarter wave, folded, resonant
cavity acoustically coupled to an audio output transducer
with a fundamental resonant frequency matching that of the
resonant cavity will significantly increase the acoustic effi-
ciency of the audio output transducer coupled to the resonant
cavity compared to the audio output transducer alone. Thus,
the properly designed, folded, resonant cavity amplifies or
reinforces the sound emitted into the ambient air by the audio
output transducer and enhances the amount of electrical
power converted to acoustic power. This is a tuned acoustic
output apparatus for a specific tone frequency or harmonics
thereof and is not designed to most effectively emit broad
frequencies of sound. A frequency matched, folded, resonant
cavity coupled to an audio output transducer produces sig-
nificantly increases sound pressure level measured in dBA
transmitted to the ambient surroundings compared to the
audio output transducer alone with the same acoustic power
input.

In at least one embodiment of the audio output apparatus of
the life safety device, the audio output transducer is substan-
tially hermetically sealed to a folded resonant cavity such that
there is little to no air (gas) exchange or flow between the
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internal volume of the resonant cavity and the exterior of the
cavity in order to maximize amplification of the sound pres-
sure produced by the audio output apparatus. In such an
embodiment, a substantially fixed mass of air (or other gas)
within the resonant cavity (a non-Helmholtz resonant cavity
or resonator) is maintained within the cavity bounded by the
impervious walls of the cavity and the flexible diaphragm or
other moving element of the coupled audio output transducer.
The oscillating, flexible diaphragm in this configuration acts
similar to a reciprocating piston cyclically compressing and
expanding air in a piston-cylinder apparatus. The elasticity of
the fixed mass of air within the resonant cavity is analogous to
amechanical spring. The use of the terms “substantially fixed
mass of air”, “substantially hermetically sealed”, “substan-
tially air-tight” and similar terms used herein, means that it is
intended that the mass of air (gas) within the resonant cavity
be captured, fixed, and separated from the ambient air sur-
rounding the resonant cavity, however, minute leaks air leaks
(no more than about 5% of the volume swept from null
position to full amplitude displacement of the diaphragm of
the audio output transducer) from the cavity resulting from
normal manufacturing variations may be tolerated without
loss of the intended function or performance. The novel syn-
ergistic design of the resonant cavity having a fixed, funda-
mental natural frequency matching (or very nearly matching)
the fundamental resonant frequency of the coupled audio
output transducer is an important feature to permit the emis-
sion of low frequency alarm tones on the order of 400 to 700
Hz powered by 9V, AA, or AAA batteries while maintaining
a compact geometry to fit within conventional size life safety
devices such as but not limited to residential or commercial
smoke and carbon monoxide alarms. The proper design of the
folded resonant cavity with a fixed mass of contained air
within the resonant cavity is important to provide minimum
acoustic impedance to the audio output transducer coupled to
the resonator which translates into the maximum sound pres-
sure level emitted by the audio output apparatus per input
electrical power to the apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of the life safety device with
folded resonant cavity for low frequency alarm tones.

FIG. 2 shows, in two-dimensions, an axisymmetric
embodiment of an audio output apparatus configured as a
single folded, resonant cavity.

FIG. 3 shows, in two-dimensions, an axisymmetric
embodiment of an audio output apparatus configured as a
doubled folded, resonant cavity.

FIG. 4 shows, in two-dimensions, an axisymmetric
embodiment of an audio output apparatus configured as a
tripled folded, resonant cavity.

FIG. 5 shows, in two-dimensions, an axisymmetric
embodiment of an audio output apparatus configured as a
quad-folded, resonant cavity.

FIG. 6 shows a section view of a triple folded, resonant
cavity.

DETAILED DESCRIPTION

A life safety device with a folded acoustic resonant cavity
for the amplification of low frequency alarm tones has been
developed and is disclosed herein. FIG. 1 illustrates in a block
diagram the components of such a life safety device config-
ured in one embodiment as an environmental condition detec-
tor with a folded acoustic resonant cavity. The electronic
control circuitry 20 comprises at least one ASIC in one
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embodiment and a programmable microprocessor in another
embodiment. The electronic control circuitry 20 also com-
prises an audio amplifier connected to audio output trans-
ducer 60. The electronic control circuitry 20 manages the
overall functions of the environmental condition detector as is
well known in the art, such as determining when the environ-
mental condition sensor 40 has sensed a potentially hazard-
ous condition and sending an electronic audio signal to be
output through an audio output transducer 60 as alarm tones
when an environmental condition has been sensed. The pro-
grammable microprocesser (PIC16F84A in one embodi-
ment) is programmed, among other things, to output square
wave signals to drive an audio amplifier (TDA7056B 5W
bridge tied load, mono-audio output amplifier in one embodi-
ment). A step-up DC to DC switching regulator (LT1961 for
example) is used in one embodiment to keep the voltage to the
audio output transducer constant as battery voltage declines
with time and/or use.

FIG. 1 also illustrates that the compact nature of the folded
resonant cavity 30 permits the housing 10 of a conventional
size and shape environmental condition detector (for example
without limitation, smoke and/or carbon monoxide detector)
to contain the resonant cavity 30 for producing low frequency
alarm tones (on the order of 520 Hz fundamental frequency in
one embodiment where “on the order of” is defined as within
the range from 400 Hz to 700 Hz) while not significantly
negatively affecting the ambient air flow approaching the
environmental condition sensor 40. In various embodiments,
the environmental condition sensor 40 may comprise a sensor
for smoke, fire, carbon monoxide, heat, natural gas, propane
gas, vibration, glass breakage, intrusion, or moisture. Some
embodiments of the environmental condition sensor 40 may
include more than one sensor such as a smoke sensor and a
carbon monoxide sensor. It is noted that for smoke alarms and
carbon monoxide alarms, holes or vents in the housing 10
located around its periphery permit ambient air to move into
the environmental condition sensor 40 from any direction for
maximum sensitivity and safety. Therefore, one novel advan-
tage of the compact size of the folded, quarter wave, resonant
cavity designs disclosed herein is the synergistic effect of
using a compact, quarter wave, resonant cavity to reinforce
(amplify) sound output from the audio output transducer 60
while safely fitting within a housing 10 approximately 2 to 3
inches tall (thick) and approximately 3-6 inches in diameter
without degrading the directional sensitivity of the environ-
mental condition sensor 40. The folded, acoustic, quarter
wave, resonant cavity 30 operates on similar acoustic prin-
ciples as a non-folded, quarter wave, resonant cavity, each
resonant cavity type having one air particle displacement
node region and one air particle displacement antinode region
separated by approximately one quarter of the wavelength of
the fundamental frequency of the sound wave being rein-
forced or amplified. Here an “air particle” means the mol-
ecules or atoms comprising the gas inside the resonant cavity.
Acoustic waves are longitudinal wave. The nodes and antin-
odes described herein refer to particle displacement nodes.
For folded resonant cavities described herein, the acoustic
path between the node and antinode regions takes on an
undulating geometry for at least part of this path as shown in
FIGS.2,3,4,5 and 6. The antinode region and the node region
are on opposite ends of the undulating acoustic path. Due to
non-linearity of acoustic behavior in the folded resonant cavi-
ties resulting from the undulating, acoustic path as a result of
the fold(s), viscous effects of narrow acoustic passages, and
possible regions of increased air (gas) velocity in any locally
narrowed regions in the undulating path between the node and
antinode regions of the resonant cavity where the cross sec-
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tional area of the path may change, the length of the path
between the node and antinode regions does not always
exactly scale in a linear manner between folded, resonant
cavities and non-folded, resonant cavities, which have
straight acoustic paths and typically wide, acoustic passages.
In theory, a single folded, quarter wave, acoustic resonant
cavity is made to be approximately one-half of the outside
longitudinal dimension of an unfolded quarter wave resonant
cavity, a double folded, quarter wave, acoustic resonant cav-
ity is made to approximately one-third of the outside longi-
tudinal dimension as an unfolded, quarter wave, resonant
cavity, and a triple folded, quarter wave, acoustic resonant
cavity is made to be approximately one-quarter of the outside
longitudinal dimension as an unfolded, quarter wave, reso-
nant cavity, but the actual outside longitudinal dimensions of
the folded, resonant cavities may vary slightly from theory
due to acoustic non-linearity described above and/or due to
finite thickness of the material (plastic in one embodiment)
comprising the resonant cavities. Resonant cavities with
more folds require a greater number of acoustic path forming,
solid walls which displace air volume within the cavity, which
in turn, require slightly larger external dimensions or cause
increases in viscous losses due to reduced acoustic path
width.

The power supply 50 shown in FIG. 1 is a battery power
supply (9V alkaline, multiple AA alkaline, or multiple AAA
alkaline as non-limiting examples), a wired alternating cur-
rent power supply, a wired direct current power supply, or a
wired power supply with a battery back-up. In one embodi-
ment of the invention, the power supply 50 comprises a bat-
tery powered supply with a DC to DC step-up converter
(switching regulator) to maintain the supply voltage to drive
the audio output transducer 60 coupled to the folded resonant
cavity 30 as the battery voltage drops over time and with use.

FIG. 2 shows, in two dimensions, the design of an audio
output apparatus 100 configured as a single folded resonant
cavity (single folded resonator) 110 acoustically coupled to
an audio output transducer 180 (speaker, piezoelectric trans-
ducer, mechanical transducer, or other electrodynamic trans-
ducer). While the audio output transducer 180 is positioned
outside of the folded resonant cavity 110 in FIG. 2, for an even
more compact design, the audio output transducer may be
inverted relative to its position shown and located all or par-
tially within the antinode region 160 of the single folded
resonant cavity 110. A central divider 130 inside the single
folded resonant cavity 110 is positioned opposite the audio
output transducer 180, symmetrically positioned about the
centerline, longitudinal axis of revolution 120 of the single
folded resonant cavity 110 in one embodiment with an air
particle displacement antinode region 160 acoustically
coupled to the audio output transducer 180. The central
divider 130 is shown as a cone but can be manufactured as
other various axisymmetric shapes (such as truncated cone
shapes, bullet-nose shapes or parabolic bodies of revolution,
etc.) without losing functionality. Allowing for the antinode
region 160 to comprise a diameter on the order of at least
one-half of the active surface diameter (speaker diaphragm
diameter in one embodiment) of the audio output transducer
180 permits effective acoustic coupling of the antinode region
160 to the audio output transducer 180 in at least one embodi-
ment. It is also noted that the central divider 130 need not be
as tall or as wide at its base as shown in FIG. 2. The dimen-
sions of the central divider 130 should be such that no sig-
nificant strength, particle displacement nodes are present near
the base of the central divider 130 by avoiding surfaces near
the base of the central divider 130 which would reflect acous-
tic waves directly back to the audio output transducer 180
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6

instead of directing the acoustic waves (pressure waves) into
the annular, acoustic path 140. Acoustic path 140 serves as an
annular, acoustic communication conduit (annular shaped
passage) since the folded resonant cavity 110 is a body of
revolution axisymmetric about the centerline, longitudinal
axis of revolution 120 shown in FIG. 2. The annular node
region 170 is where the acoustic wave generated by the audio
output transducer 180 reaches its first and only significant
strength, particle displacement node in a properly designed,
quarter wave, single folded resonant cavity 110 and is thereby
reflected back as a wave along the acoustic path 140 such that
a standing acoustic wave is established in the acoustic path
140 and surrounding the central divider 130 for only specific
frequencies such as the fundamental resonant frequency (or
integer multiples thereof) of the single folded resonant cavity
110. The standing wave is turned approximately 180 degrees
by starting from the antinode region 160, entering the acous-
tic path 140, following an undulating acoustic path, and end-
ing at the node region 170.

When the audio output transducer 180 emits an acoustic
wave into the antinode region 160 of the single folded reso-
nant cavity 110, the acoustic wave travels towards the central
divider 130 where the acoustic wave is directed into an acous-
tic path 140 bounded by cylindrical solid walls 150 whereby
the spacing between the cylindrical walls is approximately
0.1 inches and the thickness of the cylindrical solid walls 150
is on the order of 0.05 inches in one non-limiting embodi-
ment. The trough of the first, resonant cavity fold 135 at the
base of the central divider 130 helps to direct the acoustic
wave into the acoustic path 140, turning the wave almost 180
degrees without creating a significantly strong node in the
vicinity of the trough of the first, resonant cavity fold (reso-
nator fold) 135. The first resonant cavity fold 135 creates an
undulation in the acoustic path 140. When the acoustic wave
encounters the particle displacement node region 170 at the
end of the acoustic path 140, the acoustic wave is reflected
and reverses its direction of motion along the acoustic path
140 until the acoustic wave arrives at its starting position at
the particle displacement antinode region 160. As the acoustic
waves continue to be emitted from the audio output trans-
ducer 180 at the fundamental frequency (or integer multiple
thereof) of the single folded resonant cavity 110, the subse-
quent newly generated, acoustic waves interact with reflected
acoustic waves to establish a standing wave pattern within the
acoustic path 140 and the central divider 130 region of the
single folded resonant cavity 110 thereby significantly
increasing the sound pressure level emitted from the audio
output transducer 180 coupled to the single folded resonant
cavity 110 compared to the sound pressure level emitted by
the audio output transducer 180 alone.

The outside physical dimensions of the quarter wave,
single folded resonant cavity 110 are 2.1 inches in diameter,
and 2 inches long in one non-limiting embodiment. The diam-
eter of the single folded resonant cavity 110 may vary depend-
ing on the size of the audio output transducer 180 coupled to
single folded resonant cavity 110 as well as the thickness of
the cylindrical solid walls 150 and the width of the acoustic
path 140 used. When the width of the acoustic path 140
passage becomes much smaller than 0.1 inch, viscous losses
within such thin passages can degrade the performance of the
resonator. The length of the acoustic path 140 is on the order
of'5 inches in one embodiment to produce a cavity fundamen-
tal resonant frequency of about 520 Hz.

FIG. 3 shows, in two-dimensions, the design of an audio
output apparatus 200 configured as a double folded, resonant
cavity (double folded resonator) 210 acoustically coupled to
an audio output transducer 280 (speaker, piezoelectric trans-
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ducer, mechanical transducer, or other electrodynamic trans-
ducer). While the audio output transducer 280 is positioned
outside of the double folded, resonant cavity 210 in FIG. 3, for
an even more compact design, the audio output transducer
may be inverted relative to its position shown and located all
or partly within the antinode region 260 of the double folded,
resonant cavity 210. A central divider 230 inside the double
folded, resonant cavity 210 is positioned opposite the audio
output transducer 280, symmetrically positioned about the
centerline, longitudinal axis of revolution 220 of the double
folded, resonant cavity 210 in one embodiment with an air
particle displacement antinode region 260 acoustically
coupled to the audio output transducer 280. The central
divider 230 is shown as a cone but can be manufactured as
various other axisymmetric shapes (such as truncated cone
shapes, bullet-nose shapes or parabolic bodies of revolution,
etc.) without losing functionality. Allowing for the antinode
region 260 to comprise a cross-sectional area on the order of
at least one-half of the active surface diameter (piezoelectric
transducer diaphragm diameter in one non-limiting embodi-
ment) of the audio output transducer 280 permits effective
acoustic coupling of the antinode region 260 to the audio
output transducer 280 in at least one embodiment. The central
divider 230 need not be as tall or as wide at its base where the
curved trough of the first, resonant cavity fold 235 connects to
the central divider 230 as shown in FIG. 3. The dimensions of
the central divider 230 should be such that no significant
strength, particle displacement nodes are present near the
base of the divider by avoiding surfaces near the base of the
divider 230 which would reflect acoustic waves directly back
to the audio output transducer 280 instead of directing the
acoustic waves (pressure waves) into the annular acoustic
path 240. Acoustic path 240 serves as an annular, acoustic
communication conduit (annular shaped passage) since the
double folded, resonant cavity 210 is a body of revolution
axisymmetric about the centerline, longitudinal axis of revo-
Iution 220 shown in FIG. 3. The annular node region 270 is
where the acoustic wave generated by the audio output trans-
ducer 280 reaches its first and only significant strength, par-
ticle displacement node in a properly designed, quarter wave,
double folded, resonant cavity 210 and is thereby reflected
back as a wave along the acoustic path 240 such that a stand-
ing acoustic wave is established in the acoustic path 240 and
surrounding the central divider 230 for only specific frequen-
cies such as the fundamental resonant frequency (or integer
multiples thereot) of the double folded, resonant cavity 210.
The standing wave is turned approximately 180 degrees twice
by starting from the antinode region 260, entering the acous-
tic path 240 following an undulating acoustic path, and end-
ing at the node region 270.

When the audio output transducer 280 emits an acoustic
wave into the antinode region 260 of the double folded, reso-
nant cavity 210, the acoustic wave travels towards the central
divider 230 where the acoustic wave is directed into an undu-
lating acoustic path 240 bounded by cylindrical solid walls
250 whereby the spacing between the cylindrical walls form-
ing the undulating acoustic path 240 is approximately 0.1
inches in one non-limiting embodiment. The curved trough of
the first, resonant cavity fold 235 at the base of the central
divider 230 helps to direct the acoustic wave into the acoustic
path 240, turning it almost 180 degrees without creating a
significantly strong node in the vicinity of the curved trough
of'the first, resonant cavity fold 235. The acoustic wave next
encounters a curved trough of the second, resonant cavity fold
237 where the wave is turned on the order of 180 degrees. The
first, resonant cavity fold 235, and the second, resonant cavity
fold 237 create undulations in the acoustic path 240. When the
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acoustic wave encounters the air particle displacement node
region 270 (a solid wall perpendicular to the direction of
motion of the acoustic wave) at the end of the acoustic path
240, the acoustic wave is reflected and reverses its direction of
motion along the undulating, acoustic path 240 until the
acoustic wave arrives at its starting position at the particle
displacement antinode region 260. As the acoustic waves
continue to be emitted from the audio output transducer 280
at the fundamental frequency (or integer multiple thereof) of
the double folded, resonant cavity 210, the subsequent newly
emitted acoustic waves interact with reflected acoustic waves
to establish a standing wave pattern within the acoustic path
240 and the central divider 230 region of the double folded,
resonant cavity 210 thereby significantly increasing the
sound pressure level emitted from the audio output transducer
280 coupled to the double folded, resonant cavity 210 com-
pared to the sound pressure level emitted by the audio output
transducer 280 alone.

The outside physical dimensions of the quarter wave,
double folded, resonant cavity 210 are 2.1 inches in diameter,
and 1.4 inches long in one non-limiting embodiment. The
diameter of the double folded, resonant cavity 210 may vary
depending on the size of the audio output transducer 280
coupled to double folded, resonant cavity 210 as well as the
thickness of the cylindrical solid walls 250 and the width of
the acoustic path 240 used. When the width of the acoustic
path 240 passage becomes much smaller than 0.1 inch, vis-
cous losses within such thin passages can degrade the perfor-
mance of the resonator. The length of the acoustic path 440 is
on the order of 5 inches to produce a cavity fundamental
resonant frequency of about 520 Hz.

FIG. 4 shows, in two-dimensions, the design of an audio
output apparatus 300 configured as a triple folded, resonant
cavity (triple folded resonator) 310 acoustically coupled to an
audio output transducer 380 (speaker, piezoelectric trans-
ducer, mechanical transducer, or other electrodynamic trans-
ducer). While the audio output transducer 380 is positioned
outside of the triple folded, resonant cavity 310 in FIG. 4, for
an even more compact design, the audio output transducer
may be inverted relative to its position shown and located all
or partly within the antinode region 360 of the triple folded,
resonant cavity 310. A central divider 330 inside the triple
folded, resonant cavity 310 is positioned opposite the audio
output transducer 380 symmetrically positioned about the
centerline, longitudinal axis of revolution 320 of the triple
folded, resonant cavity 310 in one embodiment with an air
particle displacement antinode region 360 acoustically
coupled to the audio output transducer 380. The central
divider 330 is shown as a cone but can be manufactured as
various other axisymmetric shapes (such as truncated cone
shapes, bullet-nose shapes or parabolic bodies of revolution,
etc.) without losing functionality. Allowing for the antinode
region 360 to comprise a cross-sectional area on the order of
at least one-half of the active surface diameter (speaker dia-
phragm diameter in one non-limiting embodiment) of the
audio output transducer 380 permits effective acoustic cou-
pling of the antinode region 360 to the audio output trans-
ducer 380 in at least one embodiment. The central divider 330
need not be as tall or as wide at its base where the curved
trough of the first, resonant cavity fold 335 connects to the
central divider 330 as shown in FIG. 4. The dimensions of the
central divider 330 should be such that no significant strength,
particle displacement nodes are present near the base of the
central divider 330 by avoiding surfaces near the base of the
central divider 330 which would reflect acoustic waves
directly back to the audio output transducer 380 instead of
directing the acoustic waves (pressure waves) into the annu-
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lar, acoustic path 340. Acoustic path 340 serves as an annular
acoustic communication conduit (annular shaped passage)
since the triple folded, resonant cavity 310 is a body of revo-
lution axisymmetric about the centerline, longitudinal axis of
revolution 320 shown in FIG. 4. The annular node region 370
is where the acoustic wave generated by the audio output
transducer 380 reaches its first and only significant strength,
particle displacement node in a properly designed folded
quarter wave, triple folded, resonant cavity 310 and is thereby
reflected back as a wave along the acoustic path 340 such that
a standing acoustic wave is established in the acoustic path
340 and surrounding the central divider 330 for only specific
frequencies such as the fundamental resonant frequency (or
integer multiples thereof) of the triple folded, resonant cavity
310. The standing wave is turned approximately 180 degrees
three times by starting from the antinode region 360, entering
the acoustic path 340, following an undulating acoustic path,
and ending at the node region 370.

When the audio output transducer 380 emits an acoustic
wave into the antinode region 360 of the triple folded, reso-
nant cavity 310, the acoustic wave travels towards the central
divider 330 where the acoustic wave is directed into an undu-
lating acoustic path 340 bounded by cylindrical solid walls
350 whereby the spacing between the cylindrical walls form-
ing the undulating acoustic path 340 is approximately 0.1
inches in one non-limiting embodiment. The curved trough of
the first, resonant cavity fold 335 at the base of the central
divider 330 helps to direct the acoustic wave into the acoustic
path 340 turning the wave almost 180 degrees without creat-
ing a significantly strong node in the vicinity of the curved
trough of the first, resonant cavity fold 335. The acoustic
wave next encounters a curved trough of the second, resonant
cavity fold 337 where the wave is turned on the order of 180
degrees. The acoustic wave next encounters a curved trough
of'the third, resonant cavity fold 339 where the wave is turned
on the order of 180 degrees. The first resonant cavity fold 335,
the second, resonant cavity fold 337 and the third, resonant
cavity fold 339 create undulations in the acoustic path 340.
When the acoustic wave encounters the particle displacement
node region 370 at the end of the acoustic path 340, the
acoustic wave is reflected and reverses its direction of motion
along the undulating, acoustic path 340 until the acoustic
wave arrives at its starting position at the particle displace-
ment antinode region 360. As the acoustic waves continue to
be emitted from the audio output transducer 380 at the fun-
damental frequency (or integer multiple thereof) of the triple
folded, resonant cavity 310, the subsequent newly emitted
acoustic waves interact with reflected acoustic waves to
establish a standing acoustic wave pattern within the acoustic
path 340 and the central divider 330 region of the triple
folded, resonant cavity 310 thereby significantly increasing
the sound pressure level emitted from the audio output trans-
ducer 380 coupled to the triple folded, resonant cavity 310
compared to the sound pressure level emitted by the audio
output transducer 380 alone.

The outside physical dimensions of the quarter wave, triple
folded, resonant cavity 310 are 2.1 inches in diameter, and 1.0
inches tall in one non-limiting embodiment. The diameter of
the tripled folded, resonant cavity 310 may vary depending on
the size of the audio output transducer 380 coupled to tripled
folded, resonant cavity 310 as well as the thickness of the
cylindrical solid walls 350 and the width of the acoustic path
340 used. When the width of the acoustic path 340 passage
becomes much smaller than 0.1 inch, viscous losses within
such thin passages can degrade the performance of the reso-
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nator. The length of the acoustic path 340 is on the order of 5
inches to produce a cavity fundamental frequency of about
520 Hz.

FIG. 5 shows, in two dimensions, the design of an audio
output apparatus 400 configured as a quad-folded resonant
cavity (quad-folded resonator) 410 acoustically coupled to an
audio output transducer 480 (speaker, piezoelectric trans-
ducer, mechanical transducer, or other electrodynamic trans-
ducer). In this embodiment, the undulating, acoustic path 440
is primarily oriented perpendicular to the longitudinal center-
line axis of revolution 420 (called the perpendicular configu-
ration) whereas in the resonant cavities shown in FIGS. 2-4,
the undulating, acoustic paths 140, 240, and 340 are primarily
oriented parallel to the centerline, longitudinal axis of revo-
Iution 420 (called the parallel configuration). While the audio
output transducer 480 is positioned outside of the quad-
folded resonant cavity 410 in FIG. 5, for an even more com-
pact design, the audio output transducer may be inverted
relative to its position shown and located all or partly within
the antinode region 460 of the quad-folded resonant cavity
410. A central divider 430 inside the quad-folded resonant
cavity 410 is positioned opposite the audio output transducer
480 symmetrically positioned about the, centerline, longitu-
dinal axis of revolution 420 of the quad-folded resonant cav-
ity 410 in one embodiment with an air particle displacement
antinode region 460 acoustically coupled to the audio output
transducer 480. The central divider 430 is shown as a cone but
can be manufactured as various other axisymmetric shapes
(such as truncated cone shapes, bullet-nose shapes or para-
bolic bodies of revolution, etc.) without losing functionality.
Allowing for the antinode region 460 to comprise a cross-
sectional area on the order of at least one-half of the active
surface diameter (speaker diaphragm diameter in one non-
limiting embodiment) of the audio output transducer 480
permits effective acoustic coupling of the antinode region 460
to the audio output transducer 480 in at least one embodiment.
The central divider 430 need not be as tall or as wide at its base
as shown in FIG. 5. The dimensions of the central divider 430
should be such that no significant strength, particle displace-
ment nodes are present near the base of the central divider 430
by avoiding surfaces near the base of the central divider 430
which would reflect acoustic waves directly back to the audio
output transducer 480 instead of directing the acoustic waves
(pressure waves) into the annular acoustic path 440. Acoustic
path 440 serves as an acoustic communication passage
between the air particle displacement antinode region 460
and the air particle displacement node region 470. The node
region 470 is where the acoustic wave generated by the audio
output transducer 480 reaches its first and only significant
strength, particle displacement node in a properly designed
folded quarter wave, quad-folded resonant cavity 410 and is
thereby reflected back as a wave along the acoustic path 440
such that a standing acoustic wave is established in the acous-
tic path 440 and surrounding the central divider 430 for only
specific frequencies such as the fundamental resonant fre-
quency (or integer multiples thereof) of the quad-folded reso-
nant cavity 410. The standing wave is turned approximately
180 degrees by extending from the central region of the quad-
folded, resonant cavity 410 and by traversing the acoustic
path 440 forming an undulating acoustic path.

When the audio output transducer 480 emits an acoustic
wave into the antinode region 460 of the quad-folded resonant
cavity 410, the acoustic wave travels towards the central
divider 430 where the acoustic wave is directed into an undu-
lating acoustic path 440 bounded by solid walls 450 whereby
the spacing between the walls forming the undulating acous-
tic path 440 is approximately 0.1 inches in one non-limiting
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embodiment. The curved trough of the first, resonant cavity
fold 435 turns an acoustic wave emitted from the audio output
transducer 480 approximately 180 degrees. The acoustic
wave next encounters a curved trough of the second, resonant
cavity fold 437 where the wave is again turned on the order of
180 degrees. The acoustic wave next encounters a curved
trough of'the third, resonant cavity fold 439 where the wave is
turned on the order of 180 degrees. The acoustic wave next
encounters a curved trough of the fourth resonant cavity fold
441 where the wave is once again turned on the order of 180
degrees. The resonant cavity folds, 435, 437, 439, and 441
create undulations in the acoustic path 440. When the acous-
tic wave encounters the particle displacement node region
470 at the end of the acoustic path 440, the acoustic wave is
reflected and reverses its direction of motion along the undu-
lating, acoustic path 440 until the acoustic wave arrives at its
starting position at the particle displacement antinode region
460. As the acoustic waves continue to be emitted from the
audio output transducer 480 at the fundamental frequency (or
integer multiple thereof) of the quad-folded resonant cavity
410, the subsequent newly emitted acoustic waves interact
with reflected acoustic waves to establish a standing acoustic
wave pattern within the acoustic path 440 and the central
divider 430 region of the quad-folded resonant cavity 410
thereby significantly increasing the sound pressure level
emitted from the audio output transducer 480 coupled to the
quad-folded resonant cavity 410 compared to the sound pres-
sure level emitted by the audio output transducer 480 alone.

The outside physical dimensions of the quarter wave,
quad-folded resonant cavity 410 are 2.5 inches in diameter,
and 0.85 inches tall in one non-limiting embodiment. The
diameter and length (height) of the quad-folded resonant
cavity 410 may vary depending on the size of the audio output
transducer 480 coupled to the quad-folded resonant cavity
410 as well as the thickness of the solid walls 450 and the
width of the acoustic path 440 used. When the width of the
acoustic path 440 passage becomes much smaller than 0.1
inch, viscous losses within such thin passages can degrade the
performance of the resonant cavity. The length of the acoustic
path 440 is on the order of 5 inches to produce a cavity
fundamental frequency of about 520 Hz.

For all of the embodiments disclosed herein, a significant,
synergistic, acoustic effect is created when the natural fre-
quency of the audio output transducer matches a natural fre-
quency of the folded resonant cavity. At that operation point,
optimum sound pressure level and sound power are emitted
from the audio output apparatus for a minimum power input
to the audio output transducer at very specific frequencies
(fundamental natural frequency and harmonics of the folded
resonant cavity). This minimum power input with maximum
sound pressure level output has great utility for battery oper-
ated, life safety devices such as, but not limited to, residential
smoke alarms and carbon monoxide alarms. One of the novel
aspects of the embodiments of the instant invention is that for
very specific acoustic frequencies, a properly designed audio
output apparatus 100 will provide the optimum cavity perfor-
mance index (CPI) of sound pressure level output per power
input per volume (in dBA/W-cm®) of the resonant cavity
producing low frequency alarm tones on the order of 400-700
Hz. Here, the sound pressure level is measured in dBA at a
distance of 10 ft (~3.05 m) in an anechoic chamber, the power
input is the electrical power in watts (normally a square
waveform input signal with a ~50% duty cycle) driving the
audio output transducer coupled to the folded resonant cavity
and the volume is the external geometry volume in cm® of the
body of the resonant cavity. The larger the numerical value of
this CPI is for the audio output apparatus disclosed herein or
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other audio output apparatuses, the better the audio output
apparatus is for use in conventional size life safety devices
such as, but not limited to, smoke alarms and carbon monox-
ide alarms. The larger the numerical value of the CPl is for an
audio output apparatus, the better the apparatus is suited for
simultaneously satistfying the important two parameters of
compactness and power efficiency for life safety devices
which need to be as small as possible and output a low
frequency alarm tone as energy efficiently as possible when a
potentially hazardous condition is sensed. For one embodi-
ment, the acoustic performance index was found to 2.67
dBA/(W-cm?).

In other non-limiting embodiments of the invention, as
additional resonant cavity folds are added, the diameters of
the antinode regions 160, 260, and 360 become increasing
smaller in internal diameter to accompany the additional
resonant cavity folds while the outer diameter of the folded
resonators 110, 210, and 310 remain approximately constant.
Alternatively, in other embodiments, the diameters of the
antinode regions 160, 260, and 360 remain constant as reso-
nant cavity folds are added while the outer diameter of the
folded resonators 110, 210, and 310 increases. Other embodi-
ments, not shown but operating on the same acoustic con-
cepts, include more than four resonant cavity folds and
remain within the scope of this invention. In general, resonant
cavities with more than one resonant cavity fold are called
multi-folded resonant cavities herein.

In selected prototypes of the various non-limiting embodi-
ments of the invention, a nominal 3-watt, 2.25 inch (57 mm)
diameter speaker (CUI GF0573 in one embodiment) is sub-
stantially hermetically and acoustically coupled to the anit-
node regions 160, 260, 360, and 460 of the folded resonant
cavities 110, 210, 310 and 410, respectively, to produce sound
pressure levels significantly higher than 85 dBA measured at
a distance of 10 feet inside an anechoic chamber while oper-
ating under battery power. In one embodiment, a ring shaped
flange manufactured into or otherwise affixed to the folded
resonant cavity facilitates a secure and substantially, air-tight
slip fit coupling of the audio output transducer 180, 280, 380,
and 480 to the antinode region of the resonant cavities 110,
210, 310, and 410, respectively. A commercially available
sealant may be used at the flange to further enhance and
secure the seal between the audio output transducers 180,
280, 380, and 480 and the resonant cavities 110,210,310, and
410, respectively, in some embodiments as needed. Alterna-
tively, in another embodiment, a commercially available seal-
ant may be used to seal the outer edge of the audio output
transducer 180, 280, 380, and 480 to the top face 375 (FI1G. 5)
of'the folded resonant cavities 110, 210, 310, and 410, respec-
tively, with the use of a flange.

FIG. 6 shows a side view of a half-section of the triple
folded, resonant cavity 310. When an audio output transducer
380 is acoustically coupled to the antinode region 360 and is
emitting a periodic acoustic wave on the order of a natural
frequency of the triple folded, resonant cavity 310, a standing
acoustic wave is established within the undulating acoustic
passage 340 and the antinode region 360 whereby the stand-
ing wave reinforces the sound amplitude of the audio output
transducer 380. The side of the diaphragm of audio output
transducer 380 acoustically coupled to the ambient air (oppo-
site side of the diaphragm acoustically coupled to the reso-
nant cavity) emits a significant portion of the acoustic power
emitted by the audio output apparatus 310. FIG. 6 serves as an
exemplary half-section view of the folded resonant cavities
presented herein, and it is understood that the single folded
resonant cavity 110 and the double folded, resonant cavity
210 operate on the same physical principles with a reduced
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number of resonant cavity folds compared to the triple folded,
resonant cavity 310 shown in FIG. 6. Folded resonant cavities
110 and 210 have very similar half-section views as the triple
folded, resonant cavity 310 consistent with their respective
two-dimensional drawings shown in FIGS. 2 and 3 respec-
tively. Typically, as the number of resonant cavity folds
increase, the longitudinal dimension (length) of the folded
resonator cavities decreases for a fixed, fundamental resonant
frequency of the cavities. A side view of the half'section of the
quad-folded resonant cavity 410 is not shown, but the cavity
is an axisymmetric body of revolution about the centerline,
longitudinal axis of revolution 420. Changing the number of
resonant cavity folds in the perpendicular configuration of the
quad-folded resonant cavity 410 will change the longitudinal
length of the resonant cavity if the spacing between the solid
walls 450 remains constant. This is true for other perpendicu-
lar configuration, resonant cavities with a different number of
resonant cavity folds.

Tests of the folded resonant cavities coupled to an audio
transducer amplified the sound pressure level by as much as
10 dBA compared to the audio transducer alone when driven
with a 520 Hz symmetric square wave.

A prototype of the audio output apparatus 300 was tested
by an independently recognized, life safety, testing laboratory
in accordance with the UL217 standards for smoke alarms
emitting low frequency alarm tones. The tests were conducted
using single 9V alkaline battery power and passed the UL.217
section 65.5 for audibility testing of low frequency alarms.

The various embodiments described above are merely
descriptive and are in no way intended to limit the scope of the
invention. Modification will become obvious to those skilled
in the art in light of the detailed description above, and such
modifications are intended to fall within the scope of the
appended claims. Itis to be understood that no limitation with
respect to the specific apparatus illustrated, physical dimen-
sions, or test results disclosed herein are intended or should be
inferred.

I claim:

1. A life safety device with an audio output apparatus to
emit a low frequency alarm tone comprising:

electronic control circuitry;

an environmental condition sensor;

a housing;

an audio output transducer;

the electronic control circuitry sends an electronic audio

signal to the audio output transducer when the environ-
mental condition sensor senses an environmental condi-
tion;

the audio output apparatus comprises the audio output

transducer acoustically coupled to a folded, resonant
cavity filled with a substantially fixed and contained
mass of air;
the folded, resonant cavity comprises an undulating,
acoustic path created by at least one resonant cavity fold;

the fundamental resonant frequency of the audio output
transducer and the fundamental resonant frequency of
the folded, resonant cavity substantially match;

the resonant cavity amplifies an audible, low frequency

tone emitted into ambient surroundings; and

the housing encloses the electronic control circuitry, the

environmental condition sensor, and the audio output
apparatus.

2. The audio output apparatus of claim 1 wherein coupling
of'the audio output transducer with the folded, resonant cavity
comprises a substantially air-tight seal.

3. The audio output apparatus of claim 1 wherein the folded
resonant cavity is not a Helmholtz resonant cavity.
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4. The life safety device of claim 1 wherein the audible, low
frequency alarm tone emitted by the audio output transducer
is a square wave with a fundamental frequency between 400
Hz and 700 Hz.

5. The life safety device in claim 4 wherein the audio output
transducer comprises a speaker.

6. The life safety device of claim 1 wherein the folded
resonant cavity comprises at least three resonant cavity folds.

7. The life safety device in claim 4 wherein the audio output
transducer comprises a piezoelectric transducer.

8. The life safety device of claim 1 wherein the environ-
mental condition sensor senses the presence of at least one of
smoke, fire, carbon monoxide, heat, natural gas, vibration,
glass breakage, motion, intrusion, or moisture.

9. The life safety device of claim 1 wherein the environ-
mental condition sensor comprises two different sensors, one
for detecting the presence of smoke and one for detecting the
presence of carbon monoxide.

10. A life safety device with a compact audio output appa-
ratus to emit a low frequency alarm tone comprising:

electronic control circuitry;

an environmental condition sensor;

an audio output transducer;

the compact audio output apparatus comprises a folded,
resonant cavity coupled to the audio output transducer;

the folded, resonant cavity is axisymmetric about a central
longitudinal axis;

the folded, resonant cavity comprises an undulating,
acoustic path whereby the acoustic path turns at least
once by approximately 180 degrees;

the folded resonant cavity amplifies the sound emitted
from the audio output transducer; and

the audio output apparatus emits a low frequency tone as
signaled by the electronic control circuitry when the
environmental condition sensor senses an environmen-
tal condition.

11. The life safety device of claim 10 wherein the folded
resonant cavity comprises a particle displacement antinode
region and a particle displacement node region at opposite
ends of the undulating, acoustic path.

12. The life safety device of claim 10 wherein the low
frequency alarm tone emitted by the audio output apparatus
has a fundamental frequency between 400 Hz and 700 Hz.

13. The audio output apparatus of claim 10 wherein cou-
pling of the audio output transducer with the folded resonant
cavity comprises a substantially air-tight seal.

14. The audio output apparatus of claim 10 wherein the
folded, resonant cavity is filled with a substantially fixed mass
of gas.

15. The life safety device of claim 10 wherein the environ-
mental condition sensor senses at least one of smoke, fire,
carbon monoxide, heat, natural gas, vibration, glass break-
age, motion, intrusion, or moisture.

16. An environmental condition detector emitting a low
frequency alarm tone comprising:

electronic control circuitry;

an environmental condition sensor;

an audio output transducer;

a multi-folded, axisymmetric, acoustic resonant cavity
comprising one particle displacement node region and
one particle displacement antinode region with an undu-
lating acoustic passage connecting the node region with
the antinode region;

the multi-folded, resonant cavity is coupled to the audio
output transducer;

the multi-folded, resonant cavity amplifies acoustic waves
emitted from the audio output transducer when the audio
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output transducer emits a low frequency tone as signaled
by the electronic control circuitry when the sensor
senses an environmental condition; and

the multi-folded, resonant cavity fits within a housing also

enclosing the electronic control circuitry, the sensor, and
the audio output transducer.

17. The life safety device of claim 16 wherein the multi-
folded, resonant cavity coupled to the audio output transducer
increases the sound pressure level emitted by the audio output
transducer on the order of 10 dBA when the audio output
transducer is driven by a square wave, low frequency signal,
on the order of 520 Hz in fundamental frequency.

18. The life safety device in claim 16 wherein the audio
output transducer comprises a speaker.

19. The speaker of claim 18 wherein the speaker diaphragm
diameter is on the order of 2.25 inches.

20. The life safety device in claim 16 wherein the audio
output transducer comprises a piezoelectric transducer.

21. The life safety device in claim 16 wherein the multi-
folded resonant cavity has a cavity performance index with a
numerical value greater than or equal to 2.67.

22. The life safety device of claim 16 wherein the environ-
mental condition sensor senses at least one of smoke, fire,
carbon monoxide, heat, natural gas, vibration, glass break-
age, motion, intrusion, or moisture.
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